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What does the SM fail to explain?

The fundamental questions in particle physics

Colliders as powerful tools to find new laws of nature

The TeVatron at Fermilab
The Large Hadron Collider at CERN




The role of Particle Physics:

to discover what the universe iIs made of
and how it works

to explain it in terms of quantum physics which
governs the microscopic, subatomic world

This has revealed a structure and simplicity
that would have amazed even Einstein!

The basic feature is the occurrence of forces which hold together matter
At the microscopic level.

Elementary particles are the ultimate constituents of matter

gravitation, electromagnetism,

the strong and weak nuclear forces




Gravitational Force

Attractive force between 2 massive objects:

|s very weak unless one of the
masses is huge, like the earth

\
G= e |

Proportional to product of masses

Assumes interaction over a distance d



Electromagnetic Force

Attracts particles of opposite charge
K ee,
d2
Forces within atoms and between atoms

positive and negative charges bind together and screen each other
minute force between us and the earth but huge between 2 electrons

Electrons interact with protons via quantum of e.m. energy
the photons guanta of light or stream of particles

s, =1 m, =0



Stronq Force

Atoms are made from protons,
neutrons and electrons.

Strong nuclear force binds together
protons and neutrons to form nuclei

D. I. S. of electrons with protons or
neutrons at high energies shows that
U@, protonsand neutrons
are not fundamental

p uud formed by threequarks, bound together by
n udd thegluonsof thestrong interactions

Modeled by a theory based on SU(3). gauge symmetry

>



Weak Force
Observation of Beta decay

demands a novdl interaction

Short range forces exist only inside the protons
and neutrons, with massive force carriers.

gaugebosons W and Z

Modeled by SU(2), gauge symmetry

assigns 2 isospin
Charges e i}é%%@

Explains nuclear fusion in the Sun!



based on a gauge field theory with a symmetry group
G=U@d), V2, U@,

Force Carriers:
12 fundamental gauge fields:

8 gluons, 3 W ‘s and B,
and 3 gauge couplings: 91,9, 0,

Matter fields :
3 families of quarks and leptons with
the same quantum numbers under

the gauge groups




very different masses!

m,/m, and m,/m_@afew tensor hundreds
m, » 0.5 10°GeV mm/rne » 200 rnt/mm » 20

Largest Hierarchies: m »175 Gev ~ m/m >10°

. -10
neutrino masses as small as 10— GeV

Crucia Problem:
Due to the chiral nature of the model, fermion mass term

L=m y y+ hc isnotinvariant under gauge group

Also, how to give massto SU (2), gauge bosons?













The Higgs Boson

| s quite essential

Discovering the Higgs will put the final piece
of the Standard Model in place

It will provethat our ssmplest explanation for the origin of massis
Indeed correct.



e'e ¥F® Hy,Z

with H,, ® bt Z ® qq.ltl .an final LEP result, 2003

Constraints on M, from precision tests of the SM
(accuracy at the per mille level) from CERN, Fermilab, SLAC

Although the Higgs boson has not been seen and its mass is unknown, it enters via
loop corrections in electroweak observables: particle masses, decay rates, etc

All electroweak parameters have at most logarithmic dependence on m,
However, preferred value of M can be determined



The Hierarchy/naturalness problem of the SM: Why v<<M ?

The Higgs is expected to have a mass of about 101° GeV but a
200 GeV Higgs is necessary to solve the mass puzzle of the SM.

New Physics at the TeV scale is needed to stabilize the Higgs mass quantum
corrections and to answer the fundamental questions of particle physics



Fundamental Questions

of Particle Physics




New Fermion-boson Symmetry: SUPERSYMMETRY (SUSY)
SM particles «~_ ~» SUSYparticles

Just as for
every particle
there exists
an antiparticle

-- Is an essential part of String Theory

-- provides a solution to the Higgs mass stability problem
-- plays a central role in unification of gauge couplings

-- may have a possible connection to Dark Energy



Self energy of an elementary scalar related by SUSY to the self energy of
a fermion ===p only log dependence on fundamental high energy scale!

Cancellation of quadratic divergences in Higgs mass corrections has to do
with SUSY relation between couplings, and bosonic/fermionic degrees of

freedom
DM’ » g [m; - m2]In(LY, /my)
f

No SUSY particle,degenerate

In mass with its SM partner,

ever been seen

= SUSY must be a
broken symmetry.

In low energy SUSY: quadratic sensitivity to L «f replaced by quadratic
sensitivity to SUSY breaking scale

SUSY breaking scale must be at or below 1 TeV,
If SUSY is associated with EWSB scale!



e'e 5%;5’;@ hZ,HZ, Ah, AH main decay mode h ® bb

m >91.0GeV;m, >91.9GeV
m,. > 73.6GeV m, >114.6GeV



* ED are a prediction of Strings
e Can stabilize the Higgs mass
e Can provide a DM candidate

each point in space would have
additional dimension attached to it

Gravity flux in ED  Newton’s law modified: for k=0

This lowers the fundamental Planck scale dep. on size & number of ED

ifd=2,6



How can we probe ED from our 4D wall (brane)?

As a particle moves in the ED its kinetic energy is converted to a group of massive
particles in our 4D world

Measuring the masses and behaviour of the new particles would tell us
how the ED look like, how many they are.



We believe that there
was only one force
just after the Big Bang

As the universe cooled down that single force split into the four we know today:
gravity, electromagnetism and the strong and weak nuclear forces

Similar mathematical laws describe three of the forces but not gravity

At the TeV scale electromagnetism and weak forces unified
Electroweak Symmetry restoration built into the Standard Model






Recent measurements by telescopes
and space probes show the universe
IS expanding at an accelerated rate.

Theorists think Dark Energy, a mysterious
force that fills the vacuum of empty space,
IS responsible for pushing the galaxies
apart and makes up 75% of the universe.

* Are cosmological cousins of the Higgs
responsible for inflation?

« could SUSY provide an explanation for
a small but finite value of Dark Energy?

Luminous matter is only
a tiny part of all matter!



Visible matter would not keep the stars in their orbits

Dark matter holds the universe together. What is it?

Many possible hypothetical candidates:
Most likely WIMPs
with weak interactions & TeV-scale masses
--in SUSY, Extra Dimensions, many types of particles --

* First, the universe was hot and dense: particles and antiparticles annihilated
to form dark matter particles and vice-versa.

 As the universe expanded and cooled down, encounters between particles
became rarer and finally the number of DM particles became a constant.

*The present DM density depends on the mass/properties of the DM particles:
calculations are consistent with weak interaction particles at the TeV scale



SUSY provides a good DM candidate




* Anti-matter is governed by the same
interactions as Matter.

* Was produced with same abundance as
regular matter at the birth of the universe.

» But....observable Universe is mostly
made of Matter Ny >> N

A tiny imbalance should have ocurred at some point
or it all would have annihilated, leaving only radiation

n + .
What generated /7 = —2 » (6_ 8'2)10 09
n |

g
To remove preferentially antimatter,
the CP symmetry which transforms
Matter into Antimatter must be violated.

CP-violation is present in the SM but
IS insufficient by many orders of magnitude



SUSY provides a solution to the Matter-Antimatter Asymmetry




* Particle Accelerators reproduce in a controlled lab enviroment forms
of matter and energy last seen in the early universe

* With colliders we can discover particles and measure their properties
Particles are the tools we use

to find new forces,
new dimensions of space.

“This could be the discovery of the century. Depending,
of course, on how far down it goes”



pﬁatf822TeV

beams of protons and antiprotonsin
opposite directions, colliding to create
a shower of new particlesviaEinstein's
famous equation: E = m ¢*



* Precision measurements of the Top Quark
and W masses can exclude the Standard
Model of nature at/above the TeV scale

SM correlation for M-M,-M,,  information on M,,

—— LEP/TeVatron (present)
TeVatron 8 fb-1

» Search for Higgs particles (fig.)

» Explore supersymmetry in many
channels with moderate reach

e Search for new forces

* Explore rare decays of heavy
guarks to discover new physics



eTevatron can search for a
Higgs in parts of the mass range
preferred by precision data

PP® VH® Vbb withV =W,Z

Quite challenging! Evidence of a signal
will mean that the Higgs has strong
(SM-like) couplings to W and Z

Heavy neutral MSSM Higgs searches



ppatfs =14TeV

about a billion proton-proton
collisions per second!



The Higgs

Discoveries may include:

 The mass of ordinary matter arises
entirely from particle interactions -

« All elementary particles have
superpartners

e Space has more than 3 dimensions

* New forces of nature appear at the
TeV scale



* LHC can search for a Higgs via many
channels, already in the first few years

* Many SUSY Higgs production and
decay processes accessible with full
LHC potential

Still regions where only a SM-like
Higgs is visible









A proposed international accelerator, colliding
electrons against positrons at /s =500-1000 GeV



Supersymmetry particles at the
TeV scale allow for unification
» Solve the Mysteries of Matter of the three forces at scales 20

at the TeV scale. trillions times larger.

ﬂ

Determine how the Higgs works
with a minimum of theoretical input
Find Extra source of CP violation

* Probe the essence of Dark Matter.

Identify its nature and measure its properties
Compute DM candidate’s density in the universe
to match astrophysical measurements.

coupling strength

e ZOoOm in to bring into focus Einstein’s vision
of a Unified Theory. Energy [GeV]



Unique powerful feature of the ILC
It can observe the Higgs no matter how it decays !

e'e YF® Hq,Z Initial beam Energy and Z decay well known

Standard Model

red bars: LC precision

ACFA LC Study

Determine if the Higgs is Standard
and responsible for mass,
or
If it comes from a more complex theory
and has modified properties.

A complex Higgs interacts with other
Higgs particles and can be a source of
extra Charge-Parity violation

Explain the Matter-Antimatter imbalance
In the universe



Important Synergy between LHC and ILC

!

partners that feel strong interactions

Squark mass Parameter [GeV]

% Neutralino Mass [GeV]

The mass spectrum of the partners
gives information on the SUSY
model nature has chosen

!

partners of the leptons and gauge bosons

SUSY is not just new particles,
IS a new symmetry of nature.

To probe it, study strength of interactions
between SM particles and their partners



The LHC will probably find evidence of DM particles through
missing momentum and missing energy analyses
The ILC will determine its properties with extreme detail, allowing to
compute which fraction of the total DM density of the universe it makes

ILC sensitivity to DM density

t B® c+C°
(assumingBR =1)

s \WMAP

Fraction of Dark Matter Density

stop mass= (neutralino mass + 15) [GeV]

SUSY models which explain DM
and Matter-Antimatter Asymmetry

N\
—e— mm = = = =t



Conclusions

 We are embarked in an ambitious program taking the next step in
understanding

the nature of matter and energy, space and time.

» EXxperiments at particle accelerators around the world give us the
capability to address many of the most fundamental questions of science

Synergy:
Astrophysical observations of the relics of the big bang must agree with
data from physics experiments to explain:
how did we get here and where are we going?

 The new data and ideas in particle physics have challenged the old ways
of thinking and have marked the path for new discoveries awaiting us



